The detection sensitivity and potential interference factors of a commonly used assay based on real-time polymerase chain reaction (PCR) for Escherichia coli O157:H7 using eae gene-specific primers were assessed. Animal wastes and soil samples were spiked with known replicate quantities of a nontoxigenic strain of E. coli O157:H7 in a viable or dead state and as unprotected DNA. The detection sensitivity and accuracy of real-time PCR for E. coli O157:H7 in animal wastes and soil is low compared to enrichment culturing. Nonviable cells and unprotected DNA were shown to produce positive results in several of the environmental samples tested, leading to potential overestimates of cell numbers due to prolonged detection of nonviable cells. This demonstrates the necessity for the specific calibration of real-time PCR assays in environmental samples. The accuracy of the eae gene-based detection method was further evaluated over time in a soil system against an activity measurement, using the bioluminescent properties of an E. coli O157:H7 Tn5luxCDABE construct. The detection of significant numbers of viable but nonculturable (VBNC) as well as nonviable and possibly physically protected cells as shown over a period of 90 days further complicates the use of real-time PCR assays for quick diagnostics in environmental samples and infers that enrichment culturing is still required for the final verification of samples found positive by real-time PCR methods.
Enterohemorrhagic Escherichia coli O157:H7 can colonize the human intestine and produce toxins that can cause severe and often fatal illnesses such as hemorrhagic colitis and hemolytic uremic syndrome (Coia 1998) . With cattle and other livestock as the main environmental reservoir (Jones 1999) , contamination of crops, soils, and ultimately watercourses have often been the source of outbreaks of E. coli O157:H7 infections (Licence et al. 2001; Jackson et al. 1998; Wang and Doyle 1998) . Numerous studies of the survival of E. coli O157:H7 in such environmental matrices have highlighted the longevity of viable and thus potentially infectious cells (Jiang et al. 2002; Ogden et al. 2001; Wang and Doyle 1998) . Detection of E. coli O157:H7 in environmental samples has traditionally relied on selective culturing techniques followed by confirming the presence of the O157 antigen and verocytotoxin production (Taormina et al. 1998) . These methods are time consuming, requiring several days to identify the organisms, and may suffer from problems of false-positive and -negative detection (de Boer and Heuvelink 2000) . Hence, more rapid, TaqMan ® (Roche Molecular Systems, Inc.) polymerase chain reaction (PCR)-based, realtime quantitative detection procedures have been developed for a number of pathogenic microorganisms, such as Listeria monocytogenes (Nogva et al. 2000) , Salmonella typhimurium (Marsh et al. 1998) , and E. coli O157:H7 (Ibekwe et al. 2002; Jothikumar and Griffiths 2002; Oberst et al. 1998 ). Several single target or multiplex TaqMan ® n successfully applied for the detection of E. coli O157:H7 in foodstuffs (Heller et al. 2003; Bürk et al. 2002) , animal wastes (Sharma et al. 1999) , and some environmental samples (Ibekwe and Grieve 2003; Ibekwe et al. 2002) . Although not suffering from the same level of bias as the cultivation-based techniques, a number of potential problems concerning the use of real-time PCR methods in samples of environmental reservoirs of E. coli O157:H7 have been highlighted. For example, Ibekwe et al. (2002) showed that certain environmental samples had statistically higher cell numbers when estimated by real-time PCR than when derived from enrichment culture. They attributed this to PCR artifacts arising from the presence of nonviable cells or from degraded unprotected DNA. Similarly, Marsh et al. (1998) showed the development of the viable but nonculturable (VBNC) state in a survival experiment with S. typhimurium in soil by comparing data obtained using culturing, quantitative PCR, and viable cell counts. We therefore investigated potential sources of bias in the quantitative detection of E. coli O157:H7 by realtime PCR in some common environmental reservoirs.
Escherichia coli O157:H7 strain 3704, an environmental isolate that does not bear the Shiga toxin gene, as described by Campbell et al. (2001) , and a stable bioluminescent construct (strain 3704 Tn5luxCDABE) of this strain, described by Ritchie et al. (2003) , were used in these experiments. To be able to perform a larger set of experiments examining long-term survival and transmission studies in soil (Artz et al. 2005; Ritchie et al. 2003) , we used a nontoxigenic isolate due to UK Health and Safety regulations. Strain 3704 was grown to late exponential phase in tryptic soy broth at 37°C and inoculated into common environmental reservoirs of E. coli O157:H7, such as bovine slurry, abattoir washings, ovine stomach contents, and agricultural soil (a sandy loam soil A horizon from the Insch series, northeast Scotland). Unless otherwise stated, all data presented are on a dry mass basis (105°C, 3 days). Triplicate sets of sterilized animal wastes and soils were inoculated with known cell numbers, using dilutions of strain 3704 at cell densities between 1 × 10 3 and 1 × 10 9 CFU mL -1 , to test the sensitivity and accuracy of the PCR method. Additional interference in the real-time PCR assay from detrital (unprotected) DNA and dead cells was tested with amendments of either (i) naked chromosomal DNA extracted from E. coli O157:H7 strain 3704 or (ii) pasteurized (30 min, 70°C) cell suspensions, in both cases to levels simulating 5.1 × 10 7 CFU mL -1 (Log 10 of 7.7 ± 0.1). Controls were noninoculated aliquots of sterilized wastes. Inocula were allowed to equilibrate with the samples for 1 h prior to DNA extraction and subsequent analysis by real-time PCR. DNA was extracted from aliquots of 1 g (solids) or 1 mL (liquids) of the inoculated animal wastes or from the pellet of 1 mL of a late exponential culture (standards and controls), using the protocol described by Griffiths et al. (2000) . Real-time PCR analysis was based on the protocol described by Oberst et al. (1998) , which detects the sequence of the single eae gene copy delimited by the SZ primers. Fluorescent signals could therefore be directly transformed to target cell numbers. Although some more recent publications have utilized multiplex real-time PCR methods targeting both of the Shiga (stx) toxin encoding genes and the eae gene (Ibekwe et al. 2002) , the multiplex assay was not valid for the purpose of this study, as the strain used does not carry the stx genes. In addition, although some false positives due to very closely related E. coli O157 or O55 serotypes have been reported for the eae-based assay (Oberst et al. 1998) , this was of no consequence for the purposes of these spiking experiments with a single strain. Thermal cycling and detection were performed using the automated ABIPrism ® 7700 sequence detector (Applied Biosystems, UK; SDS software version 1.7), and the composition of the PCR reactions was as described by Oberst et al. (1998) . A 2.5 µL aliquot of template DNA was used, which equated to 5% of the original DNA yield. Bovine serum albumin (Sigma, UK) was included at 0.4 mg mL -1 to alleviate PCR inhibition (Kreader 1996) . Thermal cycler conditions were as follows: denaturation at 94°C for 9 min, followed by 45 cycles of 95°C for 30 s, 60°C for 1 min, and 72°C for 45 s. Initial instrument calibrations were performed using serial dilutions of DNA extracted from a fresh lateexponential-phase culture of strain 3704 grown in tryptic soy broth. All runs included a positive control and a negative control without template, and threshold cycle (C t ) values were used to generate standard curves. Linear regression analysis of the standard curves was performed using SigmaPlot for Windows (version 5.00, SAS). The values for the slopes and origin of fitted regression curves were tested for statistical significance against the expected regression y = 1x by Student's t tests. Cell number data were Log 10 converted, and analysis of variance was performed on the parameters of fitted 3 parameter decay curves (for plate count data) or per individual time point (for potential luminescence and real-time PCR decay curves) using Minitab ® for Windows Version 13.1. Statis-tically significant differences are reported at p ≤ 0.05 for all experiments (replication in triplicate and means of the data reported). The detection limit of the real-time PCR assay for freshly spiked sandy loam (Insch) soil was 1.3 × 10 5 CFU g -1 (dry mass), which is high compared to the detection limit by cultivation (1 × 10 2 CFU g -1 , in Insch soil). The ratio of expected cell numbers to added cell numbers in the real-time PCR assay was statistically 100% for Insch soil (not shown). Recovery of the spike in stomach contents was similarly successful over almost the entire range of the cell dilutions added (Fig. 1A) , with the exception of one data set where recovery was 93% (1.6 × 10 6 CFU mL -1 , corresponding to a Log 10 value of 6.2). The slope and origin of the mean regression curve for recovered E. coli O157:H7 cells in stomach contents were not significantly different from the expected slope and origin (Fig. 1A) . In contrast, in the other two tested animal wastes, recoveries were 90% or less than that of the added cells (Figs. 1B and 1C) . In both the abattoir washings and bovine slurry, the real-time PCR data showed a significant (p < 0.05) underestimation of cells per millilitre of material from the dilutions (solid line) in comparison to the expected recovery (dashed line). Dilutions of DNA yielded proportionally greater fluorescence in the real-time PCR reactions and better accuracy of the calibration slope (data not shown), indicating the presence of a substance causing either PCR inhibition or interference in the interpretation of the fluorescent signal generated by the reporter dye or both. PCR inhibition is a common problem with DNA isolated from environmental or clinical samples because of the presence of, e.g., heme in blood, heavy metals, and complex humic and fulvic substances in feces and soils (Monteiro et al. 1997; Wilson 1997; van Wintzingerode et al. 1997; Akane et al. 1994; Tebbe and Vahjen 1993) . The detection limits achieved in these source materials are rather high compared to other reported limits. For example, Ibekwe et al. (2002) reported a detection limit of 3.5 × 10 4 CFU g -1 for wetland soil, whereas Heller et al. (2003) achieved a detection limit of 5.3 × 10 3 CFU g -1 in food stuffs. Realtime PCR methods for human pathogens have recently been improved with the addition of internal PCR amplification controls targeting genes not generally found in environmental samples, such as those encoding green fluorescent protein (gfp) (Klerks et al. 2004 ). While such controls will detect PCR inhibition, they will not detect false positives due to nonviable cells or unprotected DNA. In our experiments, both added unprotected (detrital) E. coli O157:H7 DNA and dead cells were readily detected by the real-time PCR method in several of the animal wastes tested (Table 1) . Amplification of unprotected DNA from dead (presumably lysed) E. coli O157 (false positives) was also previously noted in a study by Uyttendale et al. (1999) using spiked ground beef and conventional PCR detection. Persistence of naked DNA over extended periods and the capacity for natural transformation of cells with such detrital DNA have previously been shown in soil (Demanèche et al. 2001; England et al. 1997) . Presumably there are discrepancies in the activity of nucleases among different animal wastes that are responsible for the differential detection of unprotected DNA.
After assessing the initial validity of the eae-based detection method in soil, real-time PCR was included as part of a long-term survival experiment of E. coli O157:H7 in soil using the strain 3704 Tn5luxCDABE construct (Ritchie et al. 2003) to assess the fate of aged populations of E. coli O157:H7 in soil. In short, Insch soil aliquots kept at three matric potentials covering the extremes of the range of water availabilities encountered in the environment were spiked with strain 3704, and survival was assessed over a period of 90 days. Cell numbers obtained by real-time PCR were compared to those obtained by direct cultivation on sorbitol MacConkey agar and by potential luminescence, as described previously (Artz and Killham 2002) . Potential luminescence has previously been validated as a direct, nondestructive measurement of the viable population of strain 3704 Tn5luxCDABE in natural water and soil even when the populations are nutritionally starved (Ritchie et al. 2003; Artz and Killham 2002) .
The parameters of fitted 3-parameter decay curves to the cell numbers of E. coli O157:H7 detected by culturable cell counts were not significantly different in the three moisture regimes (Figs. 2A, 2C , and 2E). At all three moisture regimes, a final loss of four orders of magnitude of the population was observed. Values for potential luminescence per cell were significantly different among the different matric potentials at all time points except at 90 days (Figs. 2B, 2D , and 2F). However, potential luminescence per cell increased only by a maximum of one order of magnitude at all three moisture regimes. Theoretically, cells remaining at a constant level of metabolic activity over time should result in no change in potential luminescence per cell. Increases in potential luminescence per cell could be explained by a proportion of the population entering the VBNC state, as the resulting cell numbers by plate counting will not detect these cells, therefore, increasing the apparent potential luminescence per cell. Transfer of E. coli O157:H7 into a less favorable environment can induce the VBNC state (Wang and Doyle 1998) , although this has so far only been shown to occur in response to temperature stress in aqueous environments (Wang and Doyle 1998; Rigsbee et al. 1997 ).
Significant differences among treatments were also observed when cell numbers where detected by real-time PCR analysis (Fig. 2) . There was only a 10% ± 6% decline in cell numbers detected by real-time PCR in soil close to wilting point ( Fig. 2C ; 1500 kPa) compared to a decrease of 38% ± 1% in soil at near field capacity ( Fig. 2A ; 5 kPa) and a loss of 43% ± 7% of the originally added cells in slightly dry soil ( Fig. 2B ; 100 kPa). These differences therefore must be due to the different fate of nonviable cells under different moisture regimes, considering that the potential luminescence per cell increased by only a maximum of one order of magnitude, whereas cell numbers detected by plate counts decreased by four orders of magnitude in all moisture regimes. The remaining discrepancies can be partially explained by translocation of the cells into the smaller soil pores in dry soil. Postma and van Veen (1990) showed that bacterial movement into small (<3 µm) soil pores occurred most readily in dry soils, where those pores were not initially water filled and could thus be occupied by bacterial cells with the added water. The theoretical maximum pore diameter in soil is 3 µm at -100 kPa and 0.2 µm at -1500 kPa (McLaren and Cameron 1996) . It is now generally accepted that bacteria within smaller soil pores are more protected from bacterial predation than those in larger pores owing to size exclusion of the predators (van Veen et al. 1997) . The theoretical maximum pore diameter in soil at wilting point is well below the size exclusion point for most bacterial predators, whereas at -100 kPa the pore diameter still allows for activity of selected bacterial grazers (Hahn and Höfle 2001) . Although susceptibility to bacterial grazing can be affected by aspects of live cells such as motility and growth rates (Rønn et al. 2002; Monger et al. 1999) , nongrowing or dead bacterial cells are not excluded from predation (Gurijala and Alexander 1990) . In fact, a commonly used method for quantification of protozoan grazing rates uses latex beads of specified particle sizes (Jürgens and Matz 2003) . It is therefore likely that smaller pores in dry soils (around -1500 kPa or below) can allow for longer continued existence of nonviable or dead cells by exclusion of bacterial predators.
In summary, we showed in these experiments that the quantitative detection of E. coli O157:H7 in certain environmental samples by real-time PCR is problematic. In addition to short-term interferences with real-time PCR detection of E. coli O157:H7 in certain environmental samples, we also showed statistically significant discrepancies among the cell numbers detected by real-time PCR, viable plate counting, and viability-dependent quantification using the bioluminescent phenotype of an E. coli O157:H7 construct in a long-term study of survival in soil systems. Our findings highlight the need for calibration in the same matrix to avoid potential over-and under-estimation of bacterial cell numbers due to interferences by components of the matrix. While some of these problems may be alleviated by further cleanup of DNA extracts or the use of internal amplification controls, the potential for false-positive results due to the presence of VBNC and (or) physically protected, nonviable intact cells or their remnant extracellular DNA in environmental matrices should not be overlooked. Positive results from real-time PCR assays alone should thus be further verified by traditional cultivation methods or inclusion of a short enrichment step in the real-time PCR method. The possibility of cells having entered the VBNC state should be investigated in samples testing negative by cultivation-based techniques, using a combination of real-time PCR and techniques testing cell viabilility directly, such as potential luminescence.
